In Caenorhabditis elegans nematodes, RNA interference responses can be transmitted across generations via heritable small RNAs. Heritable RNAi memory is associated with Histone-3-Lysine-9 tri-methylation marking of the targeted gene. In other organisms, maintenance of silencing responses requires a feed-forward loop between H3K9me3 and small RNAs. In C.
Introduction
RNA interference (RNAi) responses are inherited in Caenorhabditis elegans nematodes across generations via heritable small RNAs (Rechavi & suggested that heritable RNAi requires H3K9 methyltransferases in a genespecific manner.
The levels of RNAi-induced H3K9me3 do not explain the gene-specific requirements of methyltransferases for heritable RNAi
Histone methyltransferase mutants may affect RNAi-induced H3K9me3 levels in a gene-specific manner, thus leading to different inheritance dynamics for each gene. To test this possibility, we performed anti-H3K9me3 Chromatin Immunoprecipitation (ChIP) on F1 met-2;set-25;set-32 triple mutant progeny, that were derived from parents exposed to anti-oma-1 RNAi, anti-gfp RNAi, or untreated controls. Using qPCR we did detect a very faint, yet statistically significant H3K9me3 footprint in met-2;set-25;set-32 triple mutants ( Figure   S1A , for gfp average delta-Ct value of 17 in wild type versus 1.5 in met-25;set-25;set-32 mutants), both when oma-1 and gfp were targeted by RNAi ( Figure   2A and Figure S1 ). In non-RNAi-treated wild type animals, the levels of H3K9me3 on gfp is significantly higher than on oma-1 ( Figure 2B , p-value = 0.0039). Importantly, however, in the triple mutant, upon RNAi targeting, the level of the H3K9me3 footprint was comparable between the oma-1 gene and gfp, and in both cases very weak in comparison to the footprint observed in wild-type animals (Figures 2A and S1A) . In previous experiments, the weak H3K9me3 footprint that we detected in the F1 generation was not detected in the P0 generation (Kalinava et al, 2017) (in that paper H3K9me3 levels in the F1 generation were not examined). In any case, it is clear that the H3K9me3 in the triple mutants is very weak. If the weak mark is nevertheless biologically meaningful, it might suggest that there is another H3K9 methyltransferase that weakly supplements SET-25 and SET-32. Regardless, as no differences can be found in the RNAi-induced fold changes in H3K9me3 levels between gfp and oma-1 (Figure 2A , and Figure S1B ), the levels of RNAi-induced H3K9me3 cannot explain the gene-specific requirements of methyltransferases for heritable RNAi.
SET-32 acts upstream to MET-2 and SET-25 to support RNAi inheritance
We previously found that in contrast to set-25 single mutants, which are deficient in RNAi-induced heritable H3K9me3 methylation (Mao et al, 2015; Lev et al, 2017) , met-2;set-25 double mutants display a modest but robust H3K9me3 footprint following RNAi (Lev et al, 2017; Kalinava et al, 2017) . We therefore hypothesized that in the met-2 background, an additional, perhaps otherwise inactive H3K9 methyltransferase, is expressed or activated, compensating for the absence of SET-25, to allow efficient heritable RNAi responses. To test this hypothesis, we first examined whether met-2;set-32 double mutants can inherit RNAi responses raised against gfp. If SET-32 and SET-25 compensate for each other and are redundant, then met-2;set-32 double mutants are expected to strongly inherit RNAi responses, similar to met-2;set-25 double mutants (Lev et al, 2017) . Our results show, that in contrast to met-2;set-25 double mutants, met-2;set-32 double mutants are defective in RNAi inheritance raised against gfp, since only a very weak response can be detected (Figure 3) . The potency of RNAi inheritance in met-2;set-32 double mutants is comparable to that of set-25 (Lev et al, 2017) and set-32 single mutants, or met-25;set-25;set-32 triple mutants ( Figure 1C) . These results suggest that SET-32 has a distinct role, and that it probably acts upstream to MET-2 and SET-25, in promoting RNAi inheritance. This conclusion is also consistent with the recent observation that SET-32, in contrast to MET-2 and SET-25 has an essential role in establishment of RNAi-mediated nuclear silencing (preprint: (Kalinava et al, 2018) ).
SET-25 is required for the maintenance of a specific class of endo-siRNAs
Certain germline small RNAs have evolved to confer immunity against foreign genetic elements, while sparing endogenous genes (Malone & Hannon, 2009 ). The different requirements for particular methyltransferase and H3K9me3 for heritable silencing of gfp and oma-1 may be connected to the fact that gfp is a "foreign" gene, while oma-1 is an endogenous gene. We found that exogenous siRNAs that target gfp are lost in set-25 mutants, and hypothesized that endo-siRNAs that target other "foreign" genes would be likewise affected.
Therefore, we re-analyzed our previously published small RNA sequencing data, obtained from set-25 mutants (Lev et al, 2017) . However, among the targets of these differentially expressed endo-siRNAs, we could not detect striking changes (fold change >1.2) in endo-siRNAs that target transposons and repetitive elements in set-25 mutants ( Figure 4A, left panel) . In contrast, a subset of endo-siRNAs that target 279 different protein-coding genes was found to exhibit significant changes in set-25 mutants ( Figure 4A, right panel) . To understand why these small RNAs are uniquely affected by SET-25, we characterized this group of target genes and the endo-siRNAs that target them.
Since in set-25 the loss of exogenous siRNAs coincided with the loss of heritable RNAi-induced H3K9me3 (Lev et al, 2017) , we first tested whether genes that were differentially targeted by endo-siRNAs in set-25 mutants were also marked by H3K9me3. By examining publicly available H3K9me3 data (McMurchy et al, 2017) , we found that the 151 genes that lost the endo-siRNAs that target them in set-25 mutants were robustly marked by H3K9me3 in wild type animals ( Figure 4B ). In contrast, the 128 genes that had increased endosiRNA levels that target them in set-25 mutants were not significantly marked by H3K9me3 ( Figure S2A ). These results support the hypothesis that when it comes to the 151 genes targeted by SET-25 dependent endo-siRNAs, SET-25 affects endo-siRNA biogenesis by tri-methylating H3K9.
Next we examined whether genes that display altered endo-siRNAs levels in set-25 mutants are expressed in specific tissues. Genes that had significantly reduced levels of endo-siRNAs targeting them in set-25 mutants, exhibited significant, but modest, enrichment for expression in the germline, specifically in oocytes (fold enrichment = 1.24, p-value = 0.0111, Figure 4C and Figure S2B ). No significant enrichment was found for other tissues ( Figure   4C ).
To identify the small RNA pathways which are affected by set-25, we tested whether the differentially expressed endo-siRNAs depend on particular argonautes, or associate with specific biosynthesis or functional pathways ( Figure 4C) . It was previously suggested that the CSR-1 argonaute carries heritable endo-siRNAs that mark endogenous genes (Claycomb et al, 2009) , while the HRDE-1 argonaute carries heritable endo-siRNAs that silence foreign, dangerous, or aberrant elements, whose expression could be deleterious, such as transposons (Luteijn et al, 2012; Shirayama et al, 2012; Rechavi, 2014) . A strong and significant enrichment ( Figure 4C ) was found for endo-siRNAs which are carried in the germline by the argonautes HRDE-1 and WAGO-1 (Gu et al, 2009 ). These argonautes were found to be involved in gene silencing (Buckley et al, 2012; Gu et al, 2009) , and HRDE-1 is required for inheritance of exogenous siRNAs (Buckley et al, 2012) . A significant enrichment was also found for Mutator pathway small RNAs (Zhang et al, 2011) , and putative piRNA targeted genes (fold change = 9.34, p-value < 0.0001 (Bagijn et al, 2012) ). On the contrary, a significant depletion was found for genes known to be targeted by CSR-1-carried small RNAs, a pathway that was suggested to support the expression of targeted genes (Claycomb et al, 2009; Shen et al, 2018) . The helicase EMB-4 (Akay et al, 2017; Tyc et al, 2017) was shown to preferably bind introns of genes targeted by CSR-1; We could not detect a significant enrichment or depletion for genes whose introns are bound by EMB-4. All together, these results suggest that SET-25 is required for the maintenance of a specific sub-class of HRDE-1 and WAGO-1 small RNAs, associated with the Mutator and piRNA pathways, which target protein-coding ( Figure S3 ).
SET-25-dependent endo-siRNAs target a unique subset of newly evolved genes
What distinguishes the target genes of these SET-25-dependent endosiRNAs? It was recently found that periodic A/T (PATC) sequences can shield germline genes from piRNA-induced silencing and allow germline expression of genes in H3K9me3-rich genomic regions (Frøkjaer-Jensen et al, 2016; Zhang et al, 2018) . Fittingly, we found that SET-25-dependent endo-siRNAs target genes that had significantly lower PATC density ( Figure 5A ). However, this feature is unlikely to distinguish between oma-1 and gfp, since the oma-1 gene has a very low PATC density ( Figure S4 ).
The list of genes which are targeted by SET-25-dependnt endo-siRNAs was enriched for genes targeted by ERGO-1-dependent endo-siRNAs (fold change = 14.06, p-value < 0.0001, Figure 4C ). Many of the genes which are targeted by ERGO-1-bound endo-siRNAs are duplicated genes (Vasale et al, 2010; Fischer et al, 2011) . Still, only a modest (yet significant) enrichment was found for duplicated genes amongst the genes that had reduced endo-siRNA levels targeting them in set-25 mutants (fold change = 1.12, p-value = 0.012 Figure 5B ). An additional characteristic of the set of genes targeted by ERGO-1 endo-siRNAs is an enrichment for poorly conserved genes, that have fewer introns, and possess splicing site sequences that diverge from the consensus sequence (Newman et al, 2018; Fischer et al, 2011) . It was recently suggested that these poorly conserved genes are targeted for silencing because their aberrant or "non-self-like" splicing signals are detected by the splicing machinery (Newman et al, 2018) . Therefore, we examined whether SET-25-dependent endo-siRNA targets can be distinguished by their splicing signals.
The changes in the endo-siRNA pool in mutants of small nuclear ribonucleoprotein-associated protein RNP-2/U1A (rnp-2) mirrored the endosiRNA changes found in set-25 mutants ( Figure 5C ). We also found that genes targeted by SET-25-dependent endo-siRNAs bear fewer introns ( Figure 5D , p = 0.0053), and were enriched with genes in which the introns are targeted by endo-siRNAs ( Figure S5A , In most cases endo-siRNAs target only exons).
Importantly, no significant differences in the length of the coding sequences were found, hence, the difference in intron number does not simply derive from differences in gene lengths ( Figure S5B , p = 0.8673). We did not however, find significant differences in the splicing motif divergence score (obtained from (Newman et al, 2018) ). Since splicing also directly affects the RNAi machinery untangling its role in endogenous RNAi is challenging (Newman et al, 2018) .
Thus, splicing may contribute to distinguishing genes targeted by SET-25 dependent endo-siRNAs.
Intriguingly, a significant enrichment for newly evolved genes, defined here as genes which had no orthologs outside C. elegans, was found among the SET-25-dependent endo-siRNA target genes (fold change = 2.57, p-value < 0.001, Figure 5B ). Concordantly, in the same set we also found a significant depletion for nematode-conserved genes (fold change = 0.73, p-value < 0.001, Figure 5B ). In general, we find that certain endo-siRNA sub-classes, such as ERGO-1 and HRDE-1 bound small RNAs, exhibit a general enrichment for newly evolved genes ( Figure S6 ). The significant enrichment for newly evolved genes among SET-25-dependent endo-siRNAs is maintained, however, even after excluding SET-25-endo-siRNA target genes that are also targeted by HRDE-1, ERGO-1, or WAGO-1 or Mutator endo-siRNAs (59 out of 151 genes are not shared, fold enrichment = 2.97 p = 0.0001). Further, we find that newly evolved genes have higher levels of H3K9me3 ( Figure S7 ), Likewise, in the absence of RNAi, in wild-type animals, gfp, the newly evolved gene that we investigated, has higher levels of H3K9me3, in comparison to the well- In summary, our experiments reveal a specific role for histone modifications in small RNA inheritance. While in S. pombe and A. thaliana a feedback between H3K9me3 and small RNAs was suggested to be required for silencing, the worm's RNAi inheritance machinery may use H3K9me3 as a mark that distinguishes genes identified as "new". Since newly evolved genes can be disruptive, small RNAs survey these H3K9me3-flagged elements transgenerationally,
Discussion
Our study began from an investigation of a perplexing asymmetry in the requirement of specific H3K9 methyltransferases for heritable silencing of the endogenous gene oma-1 and the foreign gene gfp. Single mutants of set-25 and set-32 and the met-2;set-25;set-32 triple mutant displayed different heritable dynamics when either the gfp or the oma-1 gene were targeted by RNAi. These results are not unique to the specific gfp transgene that was tested, since similar observations have been made with other transgenes (Ashe et al, 2012a; Klosin et al, 2017; Spracklin et al, 2017; Lev et al, 2017) .
Unlike mutations in these histone methyltransferases, which negatively affect heritable silencing of gfp, but not oma-1, mutations in genes required for small RNA inheritance negatively affect heritable silencing of both oma-1 and gfp. For example, the argonaute HRDE-1 is required for inheritance of RNAi responses against both targets (Buckley et al, 2012; Weiser et al, 2017; Ashe et al, 2012b; Shirayama et al, 2012; Kalinava et al, 2017) . The fact that heritable RNAi responses aimed at different genes are affected by different proteins should be taken into account when studying transgenerational inheritance. Specifically, when screening for genes that affect such inheritance, one must acknowledge that heritable silencing of different targets requires different chromatin modifiers.
Future studies will hopefully reveal why some recently evolved genes, but not others, display high levels of H3K9me3 (in the absence of RNAi), and are targeted by endo-siRNAs. Recent studies examined why transgenes are sensitive to silencing by synthetic piRNAs, while endogenous germline expressed genes, including oma-1, are not. This protection was suggested to be conferred at least in part by PATC sequences, and to be independent of the genomic location of the gene (Zhang et al, 2018) . PATC sequences were previously shown to allow expression of transgenes in the germline in heterochromatic areas (Frøkjaer-Jensen et al, 2016) . Similarly, our analysis revealed that the gene targets of SET-25-dependent endo-siRNAs have lower levels of PATC density ( Figure 5A) . However, the oma-1 gene does not possess many PATC sequences ( Figure S4 ). An additional theory suggested that an intrinsic unknown coding-sequence feature confers resistance to silencing by piRNAs. Seth et al. have studied why a fusion between oma-1 and gfp can trans-activate silenced gfp transgenes (an effect known as "RNAa", (Seth et al, 2013) ). While unique "protecting" sequence features were not described in that work, the authors showed that an unknown codingsequence feature, not related to the codon usage or the translation of the protein, grants the oma-1 gene with its ability to activate silenced transgenes (Seth et al, 2018) . It is possible that the gene targets of SET-25-dependent small RNAs that we describe here have unique intrinsic sequences that distinguish them as well. The different requirement of methyltransferases for heritable silencing of some genes but not others may be related to such intrinsic sequence features. Alternatively, it is possible, as was suggested in the past, that new genes are silenced because they are not licensed transgenerationally by heritable small RNAs for expression (Claycomb et al, 2009; Shen et al, 2018) . If this is the case, future studies will hopefully reveal how such license is granted (See Figure 6 for Scheme).
Materials and Methods: Cultivation of the Worms
Standard culture techniques were used to maintain the nematodes on nematode growth medium (NGM) plates seeded with OP50 bacteria. Extreme care was taken to avoid contamination or starvation, and contaminated plates were discarded from the analysis. GFP expression level analysis: for each condition, the GFP fluorescence level of the background and of oocyte nuclei of at least 30 worms was calculated using ImageJ2.
CTCF value was calculated as follows: CTCF = Integrated density of selected object X -(area of selected object X * mean fluorescence of background readings). The obtained CTCF value was normalized to the average CTCF value obtained from photographs of control animals of the same genotype, generation and age which were fed on control plates.
Chromatin immunoprecipitation
Chromatin immunoprecipitation experiments were conducted as described in (Lev et al, 2017) . For anti-H3K9me3 ChIP experiments the abcam, ab8898 antibodies were used. 
Bioinformatic genome-wide endo-siRNAs analysis
Small RNA analysis were conducted as previously described (Lev et al, 2017) . Briefly, Adapters were cut from the reads using Cutadapt (Martin, 2011 
Bioinformatic gene enrichment analysis
The enrichment values denote the ratio between (A) the observed representations of a specific gene set within a defined differentially expressed The enrichment value of a given gene set i in differentially expressed gene targeting small RNAs was calculated using the following formula:
Obtaining the observed-to-expected ratios, we then calculated the corresponding p-values using 10,000 random gene groups identical in size to that of the examined group of differentially expressed genes.
H3K9me3 signal analysis
H3K9me3 signals are based on (McMurchy et al, 2017) , the shown signal represents the averaged H3K9me3 signal in two replicates of young adults (GEO accession GSE87524).
Gene sets by conservation
The classification of gene sets by conservation was done by mining the "Homology" field of all the C. elegans protein-coding genes in WormBase (www.wormbase.com). We defined the following three gene sets ( Figure 5B ):
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